Upcoming weak lensing surveys require a detailed theoretical understanding of the matter power spectrum in order to derive accurate and precise cosmological parameter values. While galaxy formation is known to play an important role, its precise effects are currently unknown. We present a set of 92 matter power spectra from the OWLS, cosmo-OWLS and bahamas simulation suites, including different ΛCDM cosmologies, neutrino masses, subgrid prescriptions and AGN feedback strengths. We conduct a detailed investigation of the dependence of the relative difference between the total matter power spectra in hydrodynamical and collisionless simulations on the effectiveness of stellar and AGN feedback, cosmology and redshift. The strength of AGN feedback can greatly affect the power on a range of scales, while a lack of stellar feedback can greatly increase the effectiveness of AGN feedback on large scales. We also examine differences in the initial conditions of hydrodynamic and N-body simulations that can lead to a ∼ 1% discrepancy in the large-scale power, and furthermore show our results to be insensitive to cosmic variance. We present an empirical model capable of predicting the effect of galaxy formation on the matter power spectrum at z = 0 to within 1% for k < 1 h Mpc −1 , given only the mean baryon fraction in galaxy groups. Differences in group baryon fractions can also explain the quantitative disagreement between predictions from the literature. All total and dark matter only power spectra in this library will be made publicly available at powerlib.strw.leidenuniv.nl.
INTRODUCTION
Current and near-future weak lensing surveys like DES 1 , LSST 2 , Euclid 3 and WFIRST 4 face a significant challenge when attempting to interpret their measurements: they require predictions of the matter power spectrum with a precision better than 1% (Huterer & Takada 2005 , Ivezić et al. 2008 , Laureijs 2009 ). Presently, making predictions at this level down to sufficiently small scales is challenging even in a dark matter only Universe (e.g. Schneider et al. 2016 ) -but unfortunately, the presence of baryons causes large additional complications. As first shown in van Daalen et al. (2011, hereafter VD11) , based on the OWLS suite of simulations (Schaye et al. 2010) , stellar feedback and feedback from active galactic nuclei (AGN) in particular has a strong effect on the power out to relatively large scales, reducing the power by 1% at a Fourier scale of k = 0.3 h Mpc −1 to 28% at k = 10 h Mpc −1 , relative to a dark matter only universe. This large-scale suppression in power primarily comes about by feedback heating and ejecting gas out to large distances, which is required in order to match X-ray observations of groups and clusters (e.g. McCarthy et al. 2010 , 2011 , Le Brun et al. 2014 . Secondary to this is the resulting change in the clustering of cold dark matter itself, dubbed the back-reaction. Follow-up work has shown that galaxy formation, when ignored, may result in biases of cosmological parameters that exceed the statistical errors of upcoming surveys by an order of magnitude (e.g. Semboloni et al. 2011 , Zentner et al. 2013 ).
The publicly available power spectra from VD11 c 2019 RAS only included one model with AGN feedback. Many authors have used the VD11 OWLS AGN power spectra and others to inform their models and test whether the effects of galaxy formation can be marginalized over (e.g. Semboloni, Hoekstra & Schaye 2013 , Zentner et al. 2013 , Mohammed & Seljak 2014 , Harnois-Déraps et al. 2015 , Eifler et al. 2015 , Schneider & Teyssier 2015 , Foreman, Becker & Wechsler 2016 , Mohammed & Gnedin 2018 , Huang et al. 2018 , Schneider et al. 2019 . While other authors besides VD11 also find that AGN feedback has a significant effect on the power spectrum (e.g. Vogelsberger et al. 2014a , Hellwing et al. 2016 , Peters et al. 2018 , Springel et al. 2018 , Chisari et al. 2018 , there is no consensus at anywhere near the 1% level required -which, itself, is an issue worth addressing.
The lack of (publicly available) simulations that test the effects of galaxy formation including AGN feedback (and, ideally, simultaneously cosmology) means that the simulated power spectra used in the literature do not fully reflect the theoretical uncertainties in the field of galaxy formation that still exist today. In addition, Mohammed & Gnedin (2018) have shown that methods aiming to mitigate the effects of baryons on weak lensing observables benefit from including models that are more extreme than is realistic in their training sets. Currently, the most realistic simulations, i.e. those including AGN, are often the most extreme as well, which is undesirable from a modelling perspective. The work of Huang et al. (2018) supports these findings, showing that adding more simulations with AGN feedback to the training set of a mitigating scheme allows for a stronger reduction of the bias in cosmological parameters.
The parametrization of the effects of galaxy formation on the matter power spectrum as formulated by Mead et al. (2015 Mead et al. ( , 2016 ) is particularly widely used in clustering observations to marginalize over the effects of baryons, either directly or through its implementation in the model of Joudaki et al. (2017) (e.g. Hildebrandt et al. 2017 , Copeland, Taylor & Hall 2018 , van Uitert et al. 2018 , Planck Collaboration et al. 2018 , Yoon et al. 2019 . Importantly, this model was calibrated solely to power spectra presented in VD11. Therefore, if the modifications to the dark matter only power spectrum are sufficiently different from those considered by VD11, they may not be captured by this model -or not within the parameter range probedwhich may impact the interpretation of the observed data.
In this work, we take a step towards remedying some of these problems by presenting a large library of power spectra from OWLS, cosmo-OWLS (Le Brun et al. 2014 ) and bahamas , the latter containingfor the first time -AGN feedback that was calibrated to observations, with different cosmologies and neutrino masses. All power spectra presented here will become publicly available with the publication of this paper. While the underlying model in simulations with AGN is the same in each of the simulations presented here, many variations with different feedback strengths and/or scalings are explored, including some that go beyond what is expected to be realistic in order to allow sufficient flexibility for emulators and marginalization schemes. Using these power spectra, we attempt to deepen our understanding of how feedback influences the clustering of matter, and how this depends on some of the choices made when running the simulations. Most importantly, using these simulations we are able to present a model which is able to highly accurately predict the suppression of power due to galaxy formation at z = 0 for k < 1 h Mpc −1 , as a function of only the baryon fraction at the galaxy group scale.
The simulations and methods used to calculate the power spectra are described in §2, with Table 1 showing a list of all simulations with power spectra. In §3 we present a selection of these power spectra and investigate the effect of e.g. feedback strength, neutrino mass, redshift, cosmology and cosmic variance on the total matter and cold dark matter power spectrum. We also compare to power spectra from simulations including AGN from the literature and consider the reasons for the quantitative differences in the effects of galaxy formation on clustering found. At the end of §3, we present and discuss our model for the large-scale suppression of power based on the baryon fraction of groups. Finally, we summarize and discuss our findings in §4.
SIMULATIONS AND POWER SPECTRA

Simulation sets
In this work we present power spectra for three related sets of cosmological, hydrodynamical simulations: OWLS (Schaye et al. 2010) , cosmo-OWLS (Le Brun et al. 2014) and bahamas (McCarthy et al. , 2018 . Since many of the OWLS power spectra were already presented in VD11, we focus on the latter two sets here. For some of the simulations in this set, power spectra were independently calculated and considered in Mummery et al. (2017) .
Cosmo-OWLS is an extension of OWLS that is aimed at studying the properties of groups and clusters, and to this end it includes simulations with larger boxes compared to OWLS (200 and 400 h −1 Mpc on a side versus at most 100 h −1 Mpc for OWLS), as well as variations in the strength of AGN feedback for those simulations that include it. bahamas (BAryons and HAloes of MAssive Systems) is in turn a follow-up to cosmo-OWLS and even better suited for cosmological tests, as it includes more accurate initial conditions (using the Boltzmann code camb in combination with a modified version of N-GenIC that uses 2LPT), massive neutrinos (following Ali-Haïmoud & Bird 2013) , AGN in all hydrodynamical simulations, and more recent cosmologies. In addition, bahamas is the first of these sets to calibrate the subgrid parameters for feedback from supernovae and active galactic nuclei to the observed present-day galaxy stellar mass function (SMF) and the hot gas mass fractions of groups and clusters, placing them among the most realistic cosmological simulations yet. In particular, the bahamas simulations provide an excellent match to the galaxy SMF for all M * > 10 10 h −1 M ⊙ (see McCarthy et al. 2017 ). Relative to the standard OWLS and cosmo-OWLS AGN simulations, the subgrid physics prescriptions are unmodified, but the parameters are not. The subgrid parameters that were changed in bahamas were the supernova-driven galactic wind velocity (from 600 km s −1 to 300 km s −1 ), the number of particles heated by each AGN event (from 1 to 20) and the AGN minimum heating temperature (from 10 8 K to 10 7.8 K). The weaker stellar feedback is necessary to find agreement with observations at low stellar masses, as both OWLS AGN and cosmo-OWLS formed too few galaxies below M * = 10 11 h −1 M ⊙ (Le Brun et al. 2014 . Because of this change, the baryon fraction in stars goes up and the fraction in hot gas goes down, but the cold gas available for accretion by the supermassive black holes also increases. The lower minimum AGN heating temperature compensates for these shifts and brings the X-ray gas fractions in massive haloes back in agreement with observations. As a consequence of these adjustments, the relative role of strong feedback in bahamas is somewhat smaller than it was in the previous models, and as we show in §3 this affects the power spectrum as well.
The most realistic simulation in the VD11 set of power spectra -that is, the simulation in simultaneous agreement with the most observables -is the WMAP7 OWLS AGN model with camb initial conditions, while the most realistic simulation in the current set is the bahamas simulation with the low but non-zero total neutrino mass of mν = 0.06 eV and an up-to-date Planck 2015 cosmology. We will therefore often use one of these simulations as a baseline for comparison -though we stress again that no currently available simulation is expected to match the real Universe at the 1% level. The former model we will dub AGN WMAP7 CAMB (named AGN WMAP7 in VD11) and the latter AGN CALIB nu0.06 Planck2015. All simulations are also given suffixes indicating box size and resolution, e.g. L100N512 for simulations with boxes 100 h −1 Mpc on a side and 512 3 particles per type (typical for OWLS), and L400N1024 for 400 h −1 Mpc boxes with 1024 3 particles per type (typical for cosmo-OWLS and bahamas). While the simulations from OWLS have an 8× higher mass resolution, the bahamas simulations are calibrated to observations and probe 64× larger volumes.
For a few of the models power spectra are available for different mass resolutions and/or box sizes. We investigate the effects these have on the matter clustering in detail in Appendix A. The main conclusions are that the limited resolution of the simulations (∼ 10 9 h −1 M ⊙ and 4 h −1 kpc at z = 0 for the 400 h −1 Mpc boxes) mainly plays a role for k 10 h Mpc −1 , and that calibrating simulations to observables at a fixed resolution is of greater importance than increasing said resolution.
A list of all simulations that we provide power spectra for can be found in Table 1 . The cosmological parameters corresponding to the different cosmologies of these simulations are listed in Table 2 . The cosmologies probed here are based on the WMAP3 (Spergel et al. 2007 ), WMAP5 (Komatsu et al. 2009 ), WMAP7 (Komatsu et al. 2011) , WMAP9 (Hinshaw et al. 2013 ), Planck 2013 (Planck Collaboration et al. 2014 ) and Planck 2015 (Planck Collaboration et al. 2016 ) data, with an additional cosmology ("BAO") taking cosmological parameter values roughly in between those of WMAP and Planck. Note that the Planck 2015 cosmological parameters depend on the neutrino mass in such a way as to preserve the fit to CMB data, while for WMAP9 the density of CDM, Ωc, was reduced with increasing neutrino mass so as to preserve the total matter density Ωm; see McCarthy et al. (2018) for more information. Models for which power spectra were included in the VD11 release are marked with an asterisk. Below, we briefly expand on a few of the new physical models.
Models with AGN
As in the OWLS AGN model, cosmo-OWLS and bahamas use the Springel, Di Matteo & Hernquist (2005) prescription for black hole seeding, and the Booth & Schaye (2009) prescriptions for black hole merging, accretion and AGN feedback. This model has several free parameters, although its authors have shown the model to be insensitive to some of these due to self-regulation. The most important parameter for the effect of feedback on large scales is the minimum heating temperature for AGN feedback, ∆T heat (see Le Brun et al. 2014 , Pike et al. 2014 .
5 Black holes in this model store a fraction of the energy gained from accretion until they are able to heat a fixed number of particles (n heat ) by ∆T heat , to ensure that the heated gas does not cool in an artificially short time for numerical reasons and that the time between feedback events is shorter than the Salpeter time for Eddington-limited accretion. The fiducial value of this parameter is 10 8 K in OWLS and cosmo-OWLS and 10 7.8 K in bahamas. For some simulations in the current set, a different value than the fiducial one is adopted; in this case the simulation name includes a suffix "Theat XpY" for ∆T heat = 10 X.Y K. Besides the minimum heating temperature several other parameters concerning the AGN can be varied. By default, seed black holes are placed in any halo with at least 100 dark matter particles in its Friends-of-Friends group, which makes the black hole seeding resolution-dependent. To investigate the effect of this, several simulations were re-run with a black hole seeding criterion of 800 dark matter particles, thus having the same halo mass threshold as a simulation with 8× worse mass resolution. The names of these simulations include the suffix "Mseed800".
In the fiducial AGN model the accretion efficiency scales as a power law of the density in the high-density regime. The power law slope is β = 2 by default. In some models, a shallower slope of β = 1 is explored. Such simulations have the suffix "LOBETA" in their name.
Finally, we have indicated the fact that all bahamas simulations adopt stellar and AGN feedback parameters calibrated to observations with the suffix "CALIB". In simulations that include both this suffix and "Theat" only the AGN heating parameter adopts a non-calibrated value. The calibrated values are based on the L400N1024 simulations, but to test for strong convergence a L100N512 simulation with the same parameters was also run, and power spectra for it are presented here. Care was taken that the physical parameters were kept fixed with the change in box size and resolution, for example by keeping the minimum halo mass rather than the number of DM particles for black hole seeding fixed -we refer to Appendix C of McCarthy et al. (2017) for more information.
Models with physical processes turned off
Many simulations in the current set do not include AGN (indicated by the lack of "AGN" in their name), but in 5 We note here that the parameters that the large-scale gas properties are most sensitive to may be different for simulations using a hydro solver different from SPH. See e.g. Dubois et al. (2012) , Hahn et al. (2017) . Table 1 . A list of the simulations that we provide total matter power spectra for, along with their dark matter counterparts where applicable. All simulations have z = 0 power spectra, and most have power spectra that cover z 3. A brief explanation of models that were not considered in VD11 can be found in §2.1. For more details on the different models we refer to the papers which introduced them: Schaye et al. (2010) for OWLS, Le Brun et al. (2014) some the effect of switching off (additional) subgrid physics was tested. Examples include "NOSN" (no SN feedback) and "NOZCOOL" (no metal-line cooling), both of which featured in VD11. New in the current set are "NOAGB", in which mass loss from Asymptotic Giant Branch stars is turned off; "NOSNIa", in which there is no mass loss from type Ia supernovae; "NONRAD", a non-radiative simulation which includes no radiative cooling or heating at all (and hence no star formation etc. either); and "NOCOOL UVB", which also does not include radiative cooling, although net photoheating is allowed. While such simulations are not seen as realistic, they can still offer interesting extremes for modelling the effects of baryons on the clustering of matter. Simulations without SNe but with AGN are particularly interesting to examine the interplay between the two types of feedback, which we consider in §3.6.
Models with non-standard star formation or stellar winds
In VD11 power spectra were presented for several OWLS models with subgrid prescriptions for star formation or stellar winds that differed from those used in the reference simulations. In the current set several more are included, which we will briefly explain in alphabetical order here. We do not focus on the effects of these models in this work, but they are still useful to gauge the impact of theoretical uncertainties on the matter power spectrum. For all of these models more information can be found in Schaye et al. (2010) . Models named "DBLIMF" use a top-heavy stellar initial mass function (IMF) in high-pressure environments. This increases the number of SNe per unit stellar mass, and this additional available energy can be applied in subgrid models in various ways. One such simulation, "DBLIMFV1618", was included in the VD11 release; in it, the additional energy was used to increase the wind speed from 600 to 1618 km s −1 , which had a similar effect on the matter clustering as including AGN. An underlying assumption of this model is that the rate of formation of massive stars is continuous with the gas pressure as the IMF changes suddenly. Here we include two more variations on "DBLIMF", for both of which a continuous star formation law is assumed instead ("CONTSF"). One of these still puts the additional energy from a top-heavy IMF into a faster supernova-driven wind ("V1618"), but the other instead puts the additional energy into increasing the wind's mass loading ("ML14"). While we do not show so here, assuming a continuous star formation law somewhat diminishes the effect that the SNe have on the power spectrum (though there is still an up to 10% decrease in power for k < 10 h Mpc −1 compared to dark matter only), and increasing the mass loading instead of the wind speed barely changes the matter clustering at z = 0 compared to the fiducial model ("REF") .
To model the interstellar medium a polytropic equation of state with slope γ eff = 4/3 is imposed; in "EOS1p0", this slope is instead 1. While this somewhat diminishes star formation at high redshift, the effect on matter clustering at z = 0 is negligible.
The fiducial stellar initial mass function is that of Chabrier (2003) , but "IMFSALP" uses the Salpeter (1955) IMF instead. This causes the amount of metals and thereby the amount of star formation to decrease, and SNe are less frequent. As a consequence, matter clusters ∼ 1% stronger for 1 k 10 h Mpc −1 compared to the fiducial model. The time between the formation of its progenitor and a type Ia supernova depends on binary evolution, and the distribution of delay times has some uncertainty. The fiducial model assumes an exponential decline with time, but in "SNIaGAUSS" a Gaussian distribution is assumed instead (see Wiersma et al. 2009 ). The difference in clustering compared to the fiducial model is quite small (roughly half that of assuming a Salpeter IMF).
Finally, we include three more models in which the implementation of SN-driven winds is varied, in addition to those included in VD11 (which were "WDENS", "WML1V848" and "WML4"). "WPOTNOKICK" and "WVCIRC" are both approximations of momentum-driven winds, i.e. galactic outflows driven not primarily by SN explosions but by radiation pressure. "WPOTNOKICK" is based on the Oppenheimer & Davé (2006) model (though without hydrodynamical decoupling) and assumes wind velocities vw = 3σ with mass loading η = 150 km s −1 /σ, where σ is the galaxy velocity dispersion as estimated from the local potential. "WVCIRC" is the same, except that the velocity dispersion is estimated by first running an on-thefly halo finder and then calculating the circular velocity, vc, from the resulting halo mass and virial radius, setting σ = √ 2vc. Both models diminish the amount of clustering on scales k 40 h Mpc −1 by up to 30%, with a magnitude and scale-dependence that is highly similar to that of the OWLS AGN model. We note however that in these kind of implementations of momentum-driven winds the total amount of energy is not limited, and may exceed that available from radiation. Lastly, in "WTHERMAL" the fiducial kinetic SN feedback model is replaced by the energy-driven (thermal) model of Dalla Vecchia & Schaye (2012) , which, like the fiducial model, injects only 40% of the available SN energy to drive winds. The thermal feedback model is more effective at driving winds and the simulation is less sensitive to its parameters compared to the kinetic SN feedback model. Its effect on the power spectrum is also larger, on average only a factor of two below that of AGN feedback for k < 10 h Mpc −1 , in terms of the suppression relative to dark matter only.
Modified dark matter only simulations
OWLS and cosmo-OWLS use the common approximation of initializing the particles using the total matter transfer function, while for the bahamas simulations the dark matter and baryons are initialized instead with their own respective transfer functions. As Valkenburg & Villaescusa-Navarro (2017) have shown, this can create percent-level differences on all scales of the matter power spectrum at redshift zero. A consequence of the change in initialization between bahamas and its predecessors is that it introduces a 1 − 2% offset in clustering between a hydrodynamical bahamas simulation and its dark matter only counterpart, which is especially noticeable on large scales. As our goal is to probe the effect of galaxy formation, rather than initial conditions, we have run a second set of dark matter only simulations which, like the hydrodynamical simulations, contain 2 × 1024 3 particles with mass ratios Ω b : Ωc. While both particle species act like dark matter, the lighter (baryonmass) particle species is initialized with the baryon transfer function instead of the cold dark matter one, the end result of which is a 1 − 2% stronger clustering on all scales. We find that the large-scale power in these simulations agree with their hydrodynamical counterparts to < 0.1%. Simulations run in this way are dubbed "DMONLY 2fluid".
Even though the total matter transfer function is used in both dark matter only and hydrodynamical simulations in OWLS and cosmo-OWLS, for some of them we still observe 0.1 − 0.2% offsets on large scales between the two. This is due to several related effects, all consequences of how the initial conditions were set up: having twice as many particles in one versus the other leading to numerical differences in their evolution; not including a phase shift when We further explore the differences between the 1-fluid and 2-fluid simulations in Appendix B. As we conclude there, replacing the DMONLY counterparts of the (cosmo-) OWLS simulations with 2-fluid runs that, unlike those for bahamas, use the same (total) transfer function for both components, would remove the ∼ 0.1% large-scale offsets currently present for some of these simulations. However, since the effect is small and re-running many simulations would be computationally expensive, we have chosen not to do so. For the results of §3.9, we instead correct the power spectra of cosmo-OWLS DMONLY simulations by multiplying with a constant so as to bring them into < 0.1% agreement with their hydrodynamical counterparts on the largest scales measured, motivated by the results of Appendix B.
Power spectra
Like VD11, we have used a modified version of powmes (Colombi et al. 2009 ) to calculate highly accurate power spectra for each of the simulations in our sample from their particle data, down to k ≈ 500 h Mpc −1 . We refer to these publications for more information on the method and its accuracy. We have used the same method to calculate power spectra for EAGLE, which we compare to in Figure 2 . The effect of galaxy formation including AGN feedback on the matter power spectrum. The y-axis shows the change in power relative to a simulation with only dark matter, but otherwise identical initial conditions, linear on the left and logarithmic on the right. Each line shows a simulation with a different feedback strength, cosmology, and/or neutrino mass. The power spectra from the two AGN simulations included in VD11 are highlighted in red (both have identical physics but a slightly different cosmology). The relative effect of galaxy formation is only weakly dependent on cosmology or neutrino mass, and the range in effects seen here is therefore mainly due to changes in the strength of AGN (or stellar) feedback. All subsequent figures will use a logarithmic axis, as we are interested in small changes to the power. §3.8. For the bahamas simulations with massive neutrinos an additional step is needed, as the neutrinos themselves are not included as particles but using the method outlined in Ali-Haïmoud & Bird (2013) . A useful by-product of this method is the neutrino-only power spectrum, which is included with every simulation output. Since the neutrino overdensities can be assumed to be in phase with those of the remaining (non-relativistic) matter in the simulation (see Ali-Haïmoud & Bird 2013), we can write:
whereδ(k) is the Fourier transform of the density contrast
is the power on Fourier scale k and the subscripts ν and m denote the neutrinos and the remaining matter, respectively. Denoting the fraction of matter in neutrinos as fν = Ων /Ωm, we can write the density contrast field of all matter in Fourier space as:
For the bahamas simulations with massive neutrinos we can therefore combine the neutrino-only and particle power spectra to find a total matter power spectrum through:
All power spectra are normalized to the total matter density in the simulated volume and shot-noise subtracted.
When showing a ratio of power spectra, we re-bin our power spectra in bins of minimum size 0.05 dex in k to reduce visual noise.
A COMPARISON OF POWER SPECTRA
In this section we use power spectra from the current set to investigate the range of relative effects on the total and CDM power spectra that can be brought about with AGN feedback, which changes in the models have the largest impact on the clustering of matter, and how these impacts change with cosmology and redshift. We also compare to power spectra in the literature, starting with the power spectra released by VD11.
Comparison to VD11
In Figure 1 we show all power spectra in the current set, highlighting those previously released by VD11. The vertical range spanned on large scales is mostly an indication of the range in cosmology probed, while that on the smallest scales indicates the range in galaxy formation models. The simulations in the current set allow us to probe larger scales and provide both a denser and broader sampling of parameter space.
Since AGN feedback has previously been shown to have the largest impact on the matter power spectrum out of all investigated aspects of galaxy formation, we show the difference in the power spectrum relative to the dark matter only prediction for all simulations that include AGN feedback in Figure 2 . Once again the AGN simulations from VD11 are highlighted. This figure shows the wide range in AGN feedback impacts on the matter power spectrum tested by the current set, including both models with more extreme and milder effects than the AGN simulations of VD11. As previous authors have shown, the relative effect of galaxy formation is only weakly dependent on cosmology or neutrino mass (e.g. VD11, Mead et al. 2016 , Mummery et al. 2017 , and the range in effects seen here is therefore mainly due Figure 3 . A comparison of the relative effect of galaxy formation between the most realistic simulation included in the VD11 power spectra (grey, OWLS) and the most realistic simulation in the current set (red, bahamas). In the new model, the feedback lowers the power less overall, although the effect extends to slightly larger scales. While the latter can be attributed to the larger box size, the former is a combined result of changes in the feedback prescription and a lower resolution (see main text). However, the new model is in much better agreement with observables, including the galaxy stellar mass function, the stellarto-halo mass relation and the hot gas fraction as a function of halo mass for groups and clusters.
to changes in the strength of AGN (or -as we show in §3.6 -stellar) feedback. In some cases, the AGN feedback is so strong as to even affect the power spectrum on the largest scales probed, but in most cases the offsets of 0.1 − 0.2% on the largest scales (visible in the logarithmic right-hand panel) have numerical origins (see §2.2).
We note here that the power spectrum is changed by feedback rearranging matter -primarily gas -around galaxies, in some cases out to beyond the virial radius. While the positions of galaxies and haloes may change as well when baryons are added or feedback is varied, van Daalen et al. (2014) have shown that this does not drive the shifts in the power spectrum. Furthermore, note that the power spectrum changes on scales larger than the maximum scale over which matter is displaced in real space. In the language of the halo model, feedback changes the large-scale power by decreasing the 2-halo term in a mass-dependent way.
We compare the most realistic simulation from VD11 (a WMAP7 OWLS AGN simulation, in grey) to that of the current set (a Planck 2015 bahamas simulation, in red) in Figure 3 . Overall, the feedback in the newer simulation is weaker, though it extends to larger scales and still reduces the power by > 10% for k < 10 h Mpc −1 . 6 The Figure 4 . A comparison of the power spectra of the different components for the most realistic simulation included in the VD11 power spectra (dashed lines) and the most realistic simulation in the current set (solid lines, bahamas). The power spectra of OWLS AGN have been renormalized to the Planck 2015 cosmology through the square of the linear growth factor. Despite this, the bahamas simulations generally show stronger clustering in all components except the gas on scales k 10 h Mpc −1 . The primary reason for this is the weaker feedback in bahamas compared to OWLS, allowing more low-mass galaxies to form. On smaller scales, the differences seen here are driven by the change in resolution.
transition from suppressed to enhanced clustering, relative to dark matter only, has shifted from k ≈ 70 h Mpc −1 to k ≈ 20 h Mpc −1 . We will refer to this as the cross-over scale. As discussed in McCarthy et al. (2017) , the feedback in the bahamas simulations was calibrated to the galaxy stellar mass function and the gas fractions in groups and clusters. Relative to the (cosmo)OWLS AGN model, the SN feedback wind velocity is lower in bahamas, reducing its effectiveness and allowing more low-mass galaxies to form. Since this means less gas is ejected than before, and therefore more is available to the supermassive black holes, the heating temperature of AGN feedback is slightly lowered in order to bring the hot gas fractions back in agreement with observations. This may explain the reduction in the peak of the effect of AGN feedback seen in Figure 3 .
AGN feedback -at least as implemented in these simulations -is not independent of resolution. This is in part because only haloes resolved with at least 100 dark matter particles are seeded with a black hole, but more importantly, because of the expected lack of convergence when subgrid prescriptions and parameters are held fixed as the physically resolved scales change (see e.g. Bourne, Zubovas & Nayakshin 2015 . We explore the effects of resolution in Appendix A. One of our findings is that lowering the mass resolution causes the large-scale decrease in power due to feedback to diminish, as is also seen in Figure 3 . In addition, the crossover scale is sensitive to resolution. However, as shown in McCarthy et al. (2017), the bahamas simulations are in much better agreement with observables than the OWLS Figure 5 . The effect of the strength of AGN feedback. Shown are relative power spectra for four WMAP7 cosmo-OWLS simulations with different values for the heating temperature ∆T heat of AGN feedback. From blue to red, the values are ∆T heat = 10 8.0 K (fiducial), 10 8.3 K, 10 8.5 K and 10 8.7 K. Left: The effect of galaxy formation relative to a dark matter only simulation. Increasing the heating temperature generally increases the effectiveness of AGN feedback. For cosmo-OWLS, the best observational agreement with the properties of groups and clusters is found for ∆T heat = 10 8.3 K (green line, see Le Brun et al. 2014) . Right: The effect of increasing the effectiveness of AGN feedback relative to the fiducial cosmo-OWLS AGN simulation (∆T heat = 10 8.0 K). As the effectiveness of AGN feedback is increased the power is reduced on all scales.
AGN model, including the galaxy stellar mass function, the stellar-to-halo mass relation and the hot gas fraction as a function of halo mass for groups and clusters. Despite its lower resolution -due to its larger box size -the effects of galaxy formation as seen in the simulation shown in red in Figure 3 should therefore be viewed as the most realistic, at least up to k ≈ 10 h Mpc −1 .
Considering the large changes in e.g. the galaxy SMF in bahamas versus that in (cosmo)OWLS, it is perhaps surprising that the relative effect on the matter power spectrum is similar on large scales. As shown by van Daalen & Schaye (2015) , the dominant contribution to the power spectrum on scales k 20 h Mpc −1 comes from groups and clusters (M 10 13.5 h −1 M ⊙ ), which provide almost all the signal on scales k ≈ 1 h Mpc −1 -and the properties of groups and clusters are well reproduced by the AGN feedback in both OWLS and bahamas (by construction in the latter). This also explains why the differences between the two simulations shown in Figure 3 are smallest around k ≈ 1 h Mpc −1 . We come back to this point in §3.8.
Finally, we consider the power spectra of the different mass components from the most realistic simulations in VD11 and the current set in Figure 4 : cold dark matter (blue), gas (yellow), stars (red), and for the latter simulation, neutrinos (purple). The OWLS AGN components are shown as dashed lines, the bahamas components as solid. All components are normalized to the total mass in the simulated volume, and the total power is shown in black. To allow for easier comparison we show the dimensionless power for each, ∆ 2 (k) ≡ k 3 P (k)/(2π 2 ), with the VD11 power spectra renormalized to the Planck 2015 cosmology through a factor D(P15) 2 /D(W7) 2 , where D(X) is the linear growth factor for cosmology X. Significant differences between the power spectra for the two simulations remain in spite of this renormalization, which are partly due to variations in galaxy formation, and partly due to differences in resolution (and on the very largest scales, box size).
The clustering in all components in bahamas is stronger on almost all scales, with the exception of the gas for k 8 h Mpc −1 . The differences are especially large on small scales, k 20 h Mpc −1 -but these, unlike the changes seen for k < 10 h Mpc −1 , are almost entirely driven by the difference in resolution. Furthermore, the larger box size contributes to a slightly increased clustering in all components due to the presence of more massive objects. The effects of the differences in galaxy formation are to decrease the clustering of gas on scales k 10 h Mpc −1 , and to increase the clustering of stars. This is expected, as the weaker SN feedback in bahamas, relative to (cosmo)OWLS, allows more gas to cool and form stars. At fixed box size and resolution, the main effects of increasing the strength of AGN feedback are to suppress the clustering of gas on scales 0.5 k 10 h Mpc −1 , and to slightly decrease the clustering of stars on all scales (not shown here).
Variations in AGN feedback
By comparing power spectra of cosmo-OWLS simulations that use different AGN heating temperatures but are otherwise identical, we can examine how the strength of AGN feedback impacts the total matter power spectrum. We do so in Figure 5 , where the AGN heating temperature increases from blue (fiducial) to red. In the left-hand panel, we consider the effects relative to the dark matter only counterpart, while in the right-hand panel we compare the simulations to the one with the lowest (the fiducial) heating temperature of Figure 6 . The impact of changing the cosmology on the relative effect of galaxy formation on the matter power spectrum. From blue, to green, to red the relative effect of assuming a WMAP9, Planck 2013 or Planck 2015 cosmology are shown. The latter assumes a non-zero neutrino mass, but as Figure 7 will show, this has little to no impact on the curve shown here. While the choice of cosmology -at least in the range probed here -does not affect the largest or smallest scales probed, there is a small but significant change in the strength of the suppression of power on scales 1 k 10 h Mpc −1 , with WMAP9 predicting a larger suppression than Planck.
10
8 K. Increasing the temperature increases the duty cycle of the AGN, as it takes longer for the black holes to reach the threshold energy for feedback, but the individual events are more powerful. The latter effect dominates, making the impact of galaxy formation larger when the heating temperature goes up and more gas is being blown out of the galaxies.
Looking at the left-hand panel of Figure 5 , we see that the matter power spectrum is indeed more suppressed as the heating temperature increases. The differences caused by increasing the heating temperature can be better appreciated when looking at the changes relative to the fiducial simulations, as in the right-hand panel of Figure 5 . Here we see that increasing the heating temperature has the largest relative impact for k 1 h Mpc −1 , increasing the small-scale suppression by an amount nearly independent of scale. Larger heating temperatures suppress the power out to larger scales.
The fiducial bahamas simulations, which have a heating temperature of 10 7.8 K but also a larger reservoir of cold gas available for accretion, agree very well with the results for 10 8 K (blue) on scales k > 1 h Mpc −1 , but are closer to those for 10 8.3 K (cyan) for 0.1 < k < 1 h Mpc −1 .
Variations in cosmology
VD11 showed that the effect of galaxy formation was almost completely independent of (reasonably small) changes in cosmology by comparing the results a WMAP3 and a WMAP7 AGN simulation. In Figure 6 we conduct a similar investigation by comparing the baryonic effects for bahamas simulations with a WMAP9 (blue), Planck 2013 (green) and Planck 2015 (red) cosmology. The latter is the only one that includes a non-zero neutrino mass, but as we will show shortly, the impact of this is negligible. While the differences are generally small, significant shifts (up to 4% in absolute or 30% in relative terms) in the suppression for 1 < k < 10 h Mpc −1 can be seen here. The largest difference is between WMAP9 and Planck 2013, which are known to be in tension. However, the distance in parameter space between these cosmologies is similar to that of WMAP3 and WMAP7 (and significantly smaller for σ8), so there is a priori no reason to expect a larger change than found by VD11 for the cosmologies shown here. The fact that the simulations have a 64× larger volume than those of VD11, and therefore include more massive objects, may well play a role here. The Planck 2015 results are in between those of WMAP9 and Planck 2013, as one might expect from Table 2 .
In Figure 7 we test the dependence of the effects of galaxy formation on another aspect of cosmology, namely the neutrino mass. In the left-hand panel we compare the WMAP9 bahamas run with different neutrino masses, and in the right-hand panel we do the same for Planck 2015. Both could affect the power spectrum in different ways, as the cosmology is held fixed with increasing neutrino mass for the former but not the latter (see §2. 1 and McCarthy et al. 2018) . From blue to red, the total neutrino mass increases from Mν = 0.06 eV to 0.12 eV, 0.24 eV and 0.48 eV. The left panel additionally shows Mν = 0 in black. We stress that we consider the power spectrum in each simulation relative to a dark matter only simulation with the same neutrino mass, so as to scale out the direct effect of adding neutrinos on the clustering of matter.
As Mummery et al. (2017) previously showed for bahamas, baryons act nearly independently of the neutrino mass -in line with the findings of Mead et al. (2016) -and the results shown here confirm this: the impact of galaxy formation on the power spectrum is nearly unchanged in all cases. Looking at the left panel in more detail, we see that increasing the neutrino mass from zero to 0.06 eV has almost no effect on the relative power spectrum, but the higher the neutrino mass, the stronger the change.
7 The shift in suppression is largest around k ≈ 2 h Mpc −1 , which, according to the results of van Daalen & Schaye (2015) , is where the power spectrum is dominated by groups and clusters. Additionally, the WMAP9 0.06 eV simulation shows some unique features around k ≈ 0.1 h Mpc −1 , but these are likely numerical in origin, e.g. due to small shifts in positions.
Looking at the right-hand panel, we can draw the same conclusions, except that there is very slightly more evolution with neutrino mass on the very largest scales probed (k ≈ 0.1 h Mpc −1 ). This is likely due to the large change in σ8 between the Planck 2015 simulations with the smallest and largest neutrino mass, necessary in order to maintain agreement with CMB data. For the WMAP9 cosmology, the neutrino mass is increased at fixed cosmology, so effectively more dark matter is replaced by neutrinos as the neutrino mass increases. The effects of neutrinos and galaxy formation are almost completely independent, in particular for low neutrino masses, and so can be modelled separately. Note that in the 0.06 eV simulation, some event between z = 2 and z = 1.75 causes the AGN simulation to go out of sync, which produces larger than expected differences even at z = 0 (large-scale fluctuations). Right: For a Planck 2015 cosmology, the neutrino mass is increased while allowing the other cosmological parameters to vary in such a way as to provide the best fit to CMB data. Evidently, this does not affect the relative effect of galaxy formation on the matter power spectrum, except perhaps at the very largest scales probed (k ≈ 0.1 h Mpc −1 ).
Back-reaction on CDM
As shown by previous authors (e.g. VD11, see also §3.8), galaxy formation and its associated feedback events do not only change the clustering of gas and stars but also of the cold dark matter, an effect dubbed simply the backreaction. To consider this back-reaction we compare the CDM-only power spectrum of hydrodynamical simulations to the matter power spectrum in the DMONLY simulation, multiplying the former by a factor [(
2 to compensate for the difference in normalization.
We first compare the back-reaction for the most realistic simulation in the current set to that of VD11, in Figure 8 . The results of VD11, shown in grey, predicted that the CDM power spectrum around k = 10 h Mpc −1 is suppressed by several percent, in line with halo expansion, while being enhanced on the smallest scales probed, in line with halo contraction. They also saw a corresponding increase in power of up to 1% for k ≈ 1 h Mpc −1 . The results for bahamas, in red, are different: the power in cold dark matter is increased on all scales, relative to a dark matter only simulation, monotonically increasing towards smaller scales. Interestingly, agreement is found only for k ≈ 1 h Mpc −1 , just as for the total matter power spectrum, which happens to correspond to scales where the relative contribution of groups and clusters is maximized. In part, the differences are due to a change in resolution: by lowering the mass resolution, the effectiveness of AGN feedback is decreased and the cross-over scale (if there is one) moves to ∼ 2× larger scales, leaving less room for suppression. At the same time, two physical changes can play a significant role as well: the larger box size provides more massive objects (and lowers the effect of cosmic variance, see §3.7), and the lower AGN heating temperature in bahamas allows for more halo contraction. By comparing with other power spectra in our library (not shown), we can isolate the effect of running the same simulation with a different minimum BH seed mass, a different particle resolution and/or a different box size. We find that, at the fiducial heating temperature, increasing the minimum seed mass has a very minor effect, while decreasing the particle resolution at fixed box size leads to a positive back-reaction (i.e. contraction) on all scales, though generally weaker than that seen in bahamas. Increasing the box size from 100 to 400 h −1 Mpc as well further increases the CDM clustering on scales k 8 h Mpc −1 , but by at most 1%. From there, switching to the bahamas model adds another 2% to the back-reaction on scales 2 k 10 h Mpc −1 . Therefore, going from OWLS to bahamas the particle resolution at fixed box size has the largest effect on the back-reaction, at least for k 3 h Mpc −1 . For the total signal, this is only the case for k 10 h Mpc −1 , meaning the back-reaction has a relslightly better agreement with bahamas on the largest scales. For more information we again refer to Appendix B. atively strong dependence of the back-reaction on box size and resolution.
In Figure 9 we show the dependence of the back-reaction on the AGN heating temperature for cosmo-OWLS (left) and bahamas (right). Focussing first on the left-hand panel, we see that the simulation with the fiducial heating temperature of ∆T heat = 10 8 K shows only enhancement, similar to bahamas in Figure 8 , in line with our findings above. Increasing the heating temperature (cyan, yellow and red) suppresses the CDM power spectrum on increasingly large scales, as more and more material is blown to large scales by feedback, causing the outer halo to expand (or contract less) relative to the dark matter only counterparts.
Looking at the panel on the right, we see that increasing the heating temperature of bahamas from the fiducial value of 10 7.8 K (green) to 10 8 K (red) is enough to cause a small but significant suppression of the CDM power for all scales k 8 h Mpc −1 (not shown). Lowering the heating temperature by the same factor (blue) instead allows the CDM power spectrum to be enhanced on all scales.
We have checked that the impact of changing the cosmology or neutrino mass of the simulations on the backreaction is comparable to that on the total power, and we do not show it here.
Evolution
In this section we examine how the effects of galaxy formation on the total and CDM power spectra evolve in the most realistic simulation of the current set. We first consider the total matter, in Figure 10 . From blue to red, we show the relative power spectrum for z = 3 down to z = 0. Note that below z = 0.5 the output frequency is doubled. The evolution of the impact of galaxy formation on the power spectrum is largely monotonic with time, with the large-scale suppression increasing down to redshift zero while the cross-over scale moves to smaller (co-moving) scales (the down-turn for k > 20 h Mpc −1 is numerical and should be ignored). The exception is that below z = 0.5, the suppression on scales 0.8 k 8 h Mpc −1 diminishes somewhat, due to previously ejected gas re-accreting.
Comparing our result to those of VD11 for OWLS AGN (their Figure 8) , we see that they are very similar, even down to the slight decrease in suppression for z < 0.5.
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In Figure 11 we consider the evolution of the backreaction. The effect of galaxy formation on the CDM clustering is roughly constant for k ≈ 10 h Mpc −1 . On smaller scales, the enhancement relative to dark matter only diminishes somewhat, but this may be an effect of resolution, like the downturn seen on these scales (which should be disregarded for that reason). The evolution is particularly strong on scales k ≈ 2 h Mpc −1 , again corresponding to the scales dominated by groups and clusters.
Interplay between stellar and AGN feedback
Interesting differences between the OWLS/cosmo-OWLS and bahamas simulations arise because of the interplay between stellar and AGN feedback. With the set of simulations presented in this work, we can examine the impact that changes in stellar feedback have on the effectiveness of AGN feedback.
We first consider the OWLS AGN model in addition to two variations that were not included in VD11, in Figure 12. In the model shown in green, the accretion model's dependence on gas density is changed. Comparing the results for this model to the fiducial one, in blue, we see that this has almost no impact on the effectiveness of AGN feedback. However, if we now also disable stellar feedback (in red), the power spectra change drastically. Without winds driven by stellar feedback, the (self-regulated) AGN has a larger reservoir of cold gas at its disposal, and both accretes and heats far more gas (leading to much more massive supermassive black holes as well). Consequently, it is able to suppress the matter clustering to a much larger degree, largely compensating for the strong increase in star formation in low-mass galaxies. This agrees with Booth & Schaye (2013) , who used OWLS to demonstrate that stellar feedback diminishes the effectiveness of AGN feedback. This result also shows why the bahamas heating temperature needed to go down to match observations after reducing the stellar feedback: less gas ejected by stars means more gas is available to the AGN, making it more effective at a fixed heating temperature.
Stellar feedback primarily quenches star formation in low-mass galaxies (above the knee of the SMF), and AGN primarily in high-mass galaxies (below the knee). It therefore seems reasonable to assume that if the strength of the AGN feedback is such that it quenches high-mass galaxies in such a way as to agree with observations, then the predictions for its effects on the matter power spectrum are realistic Figure 9 . The effect of the strength of AGN feedback on the back-reaction on the CDM power spectrum. Left: As in the left panel of Figure 5 , we consider a set of four cosmo-OWLS simulations that differ only in their AGN heating temperature. From blue to red, the values are ∆T heat = 10 8.0 K (fiducial), 10 8.3 K, 10 8.5 K and 10 8.7 K. At higher temperatures (i.e. more effective feedback, towards red), an increasingly strong reduction in CDM power on scales k 10 h Mpc −1 can be seen, due to gas ejection causing the halo to expand relative to a dark matter only scenario. Right: The dependence of the back-reaction on the AGN heating temperature in bahamas. From blue to red, the values are ∆T heat = 10 7.6 K, 10 7.8 K (fiducial) and 10 8.0 K. As the strength of feedback increases, the enhancement of power on large scales diminishes. Because of the lower effectiveness of stellar feedback in bahamas versus cosmo-OWLS, a suppression in the CDM power spectrum is seen already for ∆T heat = 10 8 K.
as well. These results show that this is not the case: stellar feedback determines what gas remains in a galaxy, to be heated by an AGN once the galaxy is sufficiently massive to host it (e.g. Bower et al. 2017) . It is important, in order to predict the right amount of power suppression due to AGN, that the strength of stellar feedback is correctly calibrated to observations as well. Calibrating only AGN feedback using hot gas fractions in addition to the high-mass SMF may or may not be enough; further research is needed for this.
Effects of cosmic variance
The effects of galaxy formation on the matter power spectrum depend on mass and environment, with the largescale suppression of power being dominated by the strongest AGN. Not only are these AGN only found in very overdense environments, but the descendants of the haloes that host them are themselves the dominant contributor to the power on all scales k 10 h Mpc −1 , as shown by van Daalen & Schaye (2015) . Since high-mass haloes are rare, the predicted suppression of power due to galaxy formation could be susceptible to cosmic variance and may depend on the size of the volume probed.
Several approaches can be taken to assess the importance of cosmic variance. Ideally, one would simulate a larger volume at fixed resolution and check for convergence, but this is often computationally prohibitive. Instead, one could take the reverse approach and compare the results of the fiducial simulations to that of smaller volumes, although drawing conclusions from this about the larger volume is difficult, even more so if the smaller volumes do not probe linear scales and/or do not contain highly overdense or underdense regions. Recently, Chisari et al. (2018) avoided the latter issue by considering instead eight sub-volumes drawn from their fiducial 100 h −1 Mpc simulation, finding significant variation between them, depending on whether a massive object was present in a sub-volume. A similar study was performed by Peters et al. (2018) , who performed 60 zoom-in simulations of randomly selected sub-volumes from a (3.2 Gpc) 3 parent volume, each 40.16 h −1 Mpc on a side and resimulated using the hydrodynamical code and resolution of bahamas. They found large variation between the predicted relative power in each sub-volume, although the median effect of galaxy formation on the power spectrum provides an excellent match to that of the full 400 h −1 Mpc bahamas simulations.
Here, we avoid some of the issues mentioned above by taking a different approach, instead performing two additional runs of a calibrated WMAP9 bahamas simulation at fixed box size and resolution, but with different initial conditions. All resimulations use the same subgrid parameters and differ only in the random phases of their initial conditions. Matching dark matter only runs were also performed. The results are shown in Figure 13 : all three simulations predict a nearly identical effect of galaxy formation on the total matter power spectrum, suggesting that the effects of cosmic variance can be ignored for these simulations. We note that this does not apply to the power spectra themselves: while not shown here, the matter power spectra of each resimulated volume show random variations which can reach ∼ 10% even on large scales -however, the ratio of power spectra with and without baryons in the same volume is converged to high precision.
The 400 h −1 Mpc simulations shown here probe well Figure 10 . The redshift evolution of the effect of galaxy formation on the power spectrum for the most realistic simulation in the current set, AGN CALIB nu0.06 Planck2015 L400N1024. The large-scale reduction in power due to AGN feedback steadily increases from high redshift down to z ≈ 0.5, while the shift from a power reduction to a power increase (relative to dark matter only) keeps moving to smaller (co-moving) scales all the way down to redshift zero. The downturn seen on the smallest scales (k 40 h Mpc −1 ) for the highest redshifts is due to a lack of resolution.
into the linear regime. Still, one might wonder whether the power (and the effect of galaxy formation) is not suppressed on the largest scales probed due to additional linear modes that cannot be included. While it is computationally prohibitive to perform a much larger volume simulation at the same resolution to check this, we believe this is unlikely to make a significant difference, at least for the relative effect of galaxy formation. The difference in power is 0.1% on scales larger than k = 0.1 h Mpc −1 , where the power is probed by hundreds of statistically independent modes already for a 400 h −1 Mpc volume. Any changes in the effects of galaxy formation due to including additional modes are therefore expected to be 0.1% as well. Extremely rare overdensities may still be missed and could play a role for the powerthough, given that the effectiveness of AGN feedback drops off for the most massive haloes in the current volume, and since the fraction of the total mass in these haloes is very small, we don't expect these to play a significant role for the relative power spectrum.
Given this convergence, the ratio of hydrodynamical and dark matter only bahamas simulations may be used to accurately correct matter power spectra from large-volume dark matter only runs, emulator predictions or analytical power spectra up to k ≈ 10 h Mpc −1 , leaving only the uncertainty in galaxy formation to be accounted for.
Comparison to power spectra from the literature
In Figure 14 we compare the relative effect of galaxy formation on the total matter (left) and CDM power spectrum (right) of the most realistic bahamas simulation (red) and and slightly decreased clustering on larger scales. However, at lower redshifts the dark matter is able to contract on larger scales as well, increasing clustering on all scales k 8 h Mpc −1 .
power spectra from the literature. Included in the comparison are OWLS AGN (grey, VD11), EAGLE (purple, Hellwing et al. 2016) , Illustris (blue, Vogelsberger et al. 2014a) , IllustrisTNG (cyan and green, Springel et al. 2018) and Horizon-AGN (orange, Chisari et al. 2018 ). All simulations considered here contain both stellar and AGN feedback, but employ different subgrid implementations, box sizes, resolutions and hydrodynamics solvers. We note that to reduce visual noise, we applied the re-binning mentioned in §2.3 to these power spectra as well where necessary, imposing a minimum bin size of 0.05 dex in k. For Horizon-AGN, data was not available on scales smaller than k = 32 h Mpc −1 . As the left-hand panel of Figure 14 shows, not all simulations are in quantitative agreement, and they certainly do not agree at the level required for Stage IV weak lensing surveys (e.g. Euclid, LSST and WFIRST) -however, there is qualitative agreement. All simulations shown here agree that the total matter power spectrum is suppressed on all scales 1 < k < 20 h Mpc −1 relative to dark matter only, with a 10 − 30% suppression at k = 10 h Mpc −1 . If we assume that the large-scale ≈ 0.7% offset in power in Horizon-AGN is due to differences in the initial conditions as explored in Appendix B, then compensating for these differences (not shown) results in a prediction that is close to that of Illustris TNG100, and therefore qualitative agreement on all scales k 10 h Mpc −1 . We note, however, that Huang et al. (2018) showed that the MassiveBlack-II simulation , Tenneti et al. 2015 , not shown here), which also contains both stellar and AGN feedback, predicts suppression only for k 2 h Mpc −1 . The right-hand panel compares the predictions for the back-reaction of galaxy formation on dark matter clustering. With the exception of Illustris, all simulations predict an enhancement of power on scales k 1 h Mpc −1 , or k 5 h Mpc −1 when additionally excluding OWLS AGN. Here we show the effect of changing the AGN accretion model and removing stellar feedback on the matter power spectrum, providing insight into the interplay between the two forms of feedback. The fiducial WMAP3 AGN model is shown in blue. In the "LOBETA" model, shown in green, the density dependence of gas accretion by the black holes is shallower (see §2.1.1), but this has almost no effect on the power spectra. However, removing stellar feedback (red lines) has a tremendous impact on the power, greatly increasing the suppression of power due to AGN on large scales.
With the exception of bahamas, all simulations predict a ∼ 1% suppression of power for k > 10 h Mpc −1 with a crossover scale at k ≈ 40 − 80 h Mpc −1 . This is likely connected to the fact that the bahamas simulations predict a relatively large cross-over scale for the total matter power spectrum, k ≈ 20 h Mpc −1 , while all other simulations shown here still show suppression of power on this scale (see lefthand panel). As shown in §3.4, the amount of suppression predicted for the dark matter power depends on the strength of the AGN feedback, which would explain the large suppression seen here for Illustris and the relatively large suppression for k ≈ 10 h Mpc −1 seen for OWLS AGN. Tenneti et al. (2015) showed that the back-reaction in the MassiveBlack-II simulation is in qualitative agreement with the results for bahamas shown here, although they find a stronger enhancement, which implies that feedback is less effective.
However, a closer look at both panels reveals that not all differences can be as easily explained, even qualitatively. For example, the bahamas simulation predicts a larger total matter suppression on large scales than e.g. IllustrisTNG, implying stronger feedback, yet bahamas is the only simulation shown to not predict any dark matter suppression at all, implying weaker feedback. We will now compare these predictions in more detail, taking into account observational constraints, box size, and resolution.
Understanding the range of predicted effects: total matter
It is interesting to consider what causes the quantitatively different predictions for the effects of galaxy formation on the matter power spectrum seen in Figure 14 . The predicted Figure 13 . Here we show the impact of cosmic variance on our results, by comparing three pairs of simulations with identical box size, resolution and physics, but different initial conditions. The relative total matter power spectra are virtually identical in all three cases on all scales probed here, suggesting that cosmic variance can safely be ignored for these volumes.
suppression is highly dependent on the effectiveness of AGN, and to a lesser extent, stellar feedback. The strength of these processes is a priori unknown and must be constrained using observables. A reasonable approach to understanding the amount of power suppression predicted by a simulation would therefore be to look at which observables are used and how they compare to the numerical results. We start by considering the effect of galaxy formation on the total matter power spectrum (left-hand panel of Figure 14 ) on large scales, k < 10 h Mpc −1 . We first consider the simulation predicting the largest suppression on scales 0.1 < k < 10 h Mpc −1 : Illustris (blue). The Illustris simulation was constrained using the observed global star formation efficiency (Vogelsberger et al. 2014b ), but had several issues which were summarized by Nelson et al. (2015) . Among these is an underestimated gas fraction within R500c in group-size haloes due to too-violent radio-mode AGN feedback, which explains the large suppression predicted by this simulation. Nelson et al. (2015) also mention that galaxies below the knee of the stellar mass function are insufficiently quenched, which implies that stellar feedback is not efficient enough -this, in turn, may provide the AGN with too much gas to heat and eject to large scales (see §3.6).
These shortcomings were addressed with the IllustrisTNG simulations (e.g. Springel et al. 2018) , one with a 75 h −1 Mpc box (TNG100, matching Illustris; cyan) and another with a 205 h −1 Mpc box (TNG300; green). TNG indeed predicts a much lower large-scale suppression of power than Illustris. While the two simulations differ in box size and resolution, their predictions for the relative power agree for k < 10 h Mpc −1 , with only a slight deviation around k ≈ 1 h Mpc −1 . The Horizon-AGN simulation, described in Chisari et al. (2018) , agrees with these results as well (after a renormalization of the dark matter only power spectrum as mentioned above). Figure 14 . A comparison of the relative effect of galaxy formation on the matter power spectrum between the most realistic simulation in the current set (red, bahamas) and power spectra from the literature. We again show the relative effect for the most realistic simulation from VD11 (grey), and compare to that of EAGLE (purple, Hellwing et al. 2016) , Illustris (blue, Vogelsberger et al. 2014a) , IllustrisTNG (cyan and green, Springel et al. 2018 ) and Horizon-AGN (orange, Chisari et al. 2018 ). All simulations include stellar and AGN feedback. Left: A comparison of the total matter power spectra. There is currently no complete consensus on the exact effect of galaxy formation, though all simulations shown here agree that the total matter power spectrum is suppressed for 1 < k < 20 h Mpc −1 relative to dark matter only, with a 10 − 30% suppression at k = 10 h Mpc −1 . All simulations predict a cross-over scale between 20 and 100 h Mpc −1 . Right: A comparison of the predictions for the back-reaction of galaxy formation on the CDM power spectrum. All models predict enhancement on the smallest scales (except Horizon-AGN, whose power spectrum does not probe small enough scales to tell) and, with the exception of the original Illustris simulation, predict some enhancement for k ≈ 2 h Mpc −1 as well. All simulations except bahamas additionally predict a suppression of several percent on scales k ≈ 20 h Mpc −1 .
As mentioned above, one of the shortcomings of Illustris addressed with IllustrisTNG was the underestimated gas fraction in groups. Weinberger et al. (2017) and Pillepich et al. (2018) show that the IllustrisTNG model indeed produces gas fractions that are in better agreement with observations -however, these studies used simulation volumes (30 h −1 Mpc) 3 and (25 h −1 Mpc) 3 ) in size, respectively, and were not able to probe haloes beyond M ≈ 10 13.5 h −1 M ⊙ . As van Daalen & Schaye (2015) showed, haloes above this mass limit provide the dominant contribution to the matter power spectrum on scales k 20 h Mpc −1 , supplying nearly all signal for k ≈ 1 h Mpc −1 -additionally, (the progenitors of) these haloes are where AGN feedback has the largest effect on the matter distribution. Barnes et al. (2018) show that, unlike the smaller boxes using the same model, the full large-volume IllustrisTNG simulations over-predict the gas fractions of massive haloes at redshift zero with respect to observations. Likewise, Chisari et al. (2018, their Figure 13) show that in Horizon-AGN the fraction of bound gas at z = 0 is overpredicted for M500 > 10 13 h −1 M ⊙ , relative to observations. This implies too-weak AGN feedback in these haloes, which could well explain the discrepancies between the predicted large-scale suppression in the matter power spectrum for IllustrisTNG/Horizon-AGN on the one hand and OWLS/bahamas on the other as seen in Figure 14 (k 10 h Mpc −1 ).
AGN feedback in Horizon-AGN is implemented following Dubois et al. (2012), with a kinetic jet mode at low accretion rates and a thermal quasar mode at high accretion. For the latter mode the Booth & Schaye (2009) model is used, as in (cosmo)OWLS and bahamas. However, the minimum heating temperature, which in e.g. Le Brun et al. (2014) was found to be of large influence to the effectiveness of AGN feedback and needed to be sufficiently high for the feedback energy not to be immediately radiated away (see also §3.2), is set to zero in Horizon-AGN. While the jet mode feedback dominates in Horizon-AGN for z 2, Figure 13 of Chisari et al. (2018) shows that the gas fractions in massive haloes are already quite high at z = 2, and either mode of feedback might therefore be responsible for the too-high gas fractions at z = 0. A minimum heating temperature of zero could certainly account for ineffective quasar mode feedback in a particle-based simulation, but since Horizon-AGN is mesh-based, more work is needed before one can tell whether this parameter choice has the same effect there. IllustrisTNG also implements feedback from supermassive black holes in two different modes in a mesh-based code, and may therefore show some similarities with Horizon-AGN in the behaviour of its AGN feedback.
Finally, we consider the predictions of EAGLE for the large-scale matter power spectrum, presented in Hellwing et al. (2016) and reproduced in Figure 14 in purple. EAGLE predicts a suppression close to that of IllustrisTNG, though it is typically smaller, particularly around k = 3 h Mpc −1 . Given that EAGLE's simulation volume is the smallest presented here, this may well be due to it not probing sufficiently massive haloes. While the original Il- Figure 15 . The effect of galaxy formation on cosmo-OWLS and bahamas simulations with 400 h −1 Mpc boxes. Each simulation is colour-coded by its mean baryon fraction within R 500c for M 500c ≈ 10 14 h −1 M ⊙ haloes, rescaled by the cosmic baryon fraction. The power in the cosmo-OWLS simulations has been renormalized to remove the large-scale offset where applicable (see §2.2). The effect of galaxy formation is strongly correlated with the group baryon fraction, a lower fraction corresponding to a stronger suppression of power.
lustris simulation has the second-smallest volume of those considered, its extreme feedback compensated for the effect of its lack of massive haloes. Schaye et al. (2015) shows that EAGLE also over-predicts gas fractions at the massive end, M 10 14 h −1 M ⊙ , similar to Horizon-AGN. Hellwing et al. (2016) point to this as the main reason for the smaller suppression in power predicted for this simulation, compared to OWLS AGN. This, in addition to its small volume, may well explain why EAGLE generally predicts the smallest largescale effect on the total matter power spectrum of the simulations considered in Figure 14 .
In short, we find that differences in the predicted suppression of power on scales k 10 h Mpc −1 may in large part be explained by differences in the gas fractions of groups and clusters, with possibly a minor contribution from box size. Of the simulations considered here, the gas fractions in bahamas are closest to observations, which is expected given that these were used as a constraint in choosing its subgrid parameters. It has the largest volume as well, which as shown in §3.7 is expected to be sufficient for cosmic variance to be small. We therefore expect the power spectrum of the bahamas simulation shown in Figure 14 to be closest to that of the real Universe on scales k 10 h Mpc −1 .
However, the large volume of bahamas comes at the expense of resolution. Indeed, all other simulations shown here are able to resolve 2 − 8× smaller scales. In Appendix A we demonstrate that an increase in resolution yields significantly different predictions for the power spectrum on scales k ≈ 10 h Mpc −1 and smaller, which recalibration can only slightly compensate for. The cross-over scale predicted by bahamas is too large, and the relative suppression of the total matter spectrum is expected to be ∼ 10% to smaller scales than shown here. Besides resolution, the relative power spectrum on small scales is also set by the stellar fraction, as stars dominate the power spectrum on sufficiently small scales. Discrepancies in resolution and stellar fractions are therefore expected to explain the differences in the relative small-scale clustering seen in the left-hand panel of Figure 14 . However, as our primary interest is in predicting the power spectrum observed by Stage IV experiments, we leave a more detailed exploration of clustering on scales k > 10 h Mpc −1 to future work.
Understanding the range of predicted effects: back-reaction
Even though on large scales (k 2 h Mpc −1 ) the bahamas simulation shown here predicts a much larger suppression of the total power than EAGLE and both IllustrisTNG simulations, these simulations are in close agreement for the back-reaction on these scales (the same applying to Horizon-AGN assuming again a large-scale correction for initial conditions). Only the original Illustris simulation disagrees, predicting suppression instead of enhancement, but this can be explained by its extremely strong feedback and the results of §3.2. The agreement of the other simulations implies that the clustering of dark matter is rather insensitive to changes in the baryonic matter distribution on large scales, which are mainly driven by the expulsion of gas. Differences in clustering on galactic scales (k 10 h Mpc −1 ), however, do seem to correlate with changes in the gas distribution, and here resolution plays a more significant role than for largescale effects, in addition to the role played by the strength of feedback itself. These conclusions are supported by the results of Appendix A, where we show that a recalibrated bahamas run with a higher resolution predicts that the suppression of the total power extends to 1.4× smaller scales and thereby significantly reduces the dark matter clustering around k ≈ 10 h Mpc −1 . Since these scales are quite small compared to those probed by Stage IV weak lensing surveys, we refrain from exploring the differences in the back-reaction for k 10 h Mpc −1 in more detail here. Figure 16 . The effect of galaxy formation on the matter power spectrum at the scale k = 0.5 h Mpc −1 as a function of the (renormalized) mean baryon fraction in ∼ 10 14 M ⊙ haloes. Shown are simulations from cosmo-OWLS and bahamas (grey and red), EAGLE (purple), Illustris (blue), TNG100 and TNG300 (cyan and green) and Horizon-AGN (orange). Where necessary, dark matter only power spectra were corrected to agree with their hydrodynamical counterparts on the largest scale available (see §2.2). Baryon fractions were calculated within R 500c for haloes in the mass range M 500c = [6 × 10 13 , 2 × 10 14 ] M ⊙ . The dashed curve shows that at this k, a simple exponential function of the renormalized baryon fraction, − exp(−5.969f bar,500c − 0.4239), fits the predictions for the suppression of power of all simulations to within 1% (grey band).
The baryon fraction as a predictor of power suppression
Given that changes to the total power due to galaxy formation on sufficiently large scales seem to correlate with even small shifts in the amount of gas in groups and clusters, it is interesting to consider whether the gas fraction of massive haloes can be used to predict the amount of power suppression seen in these simulations. If so, then the large-scale power spectrum might be fixed by cosmology and just one other (importantly, measurable) quantity, independently of how feedback was implemented in a hydrodynamical simulation.
Since most of the large-scale suppression of power is brought about by AGN removing gas from primarily groups of galaxies, a natural measure to correlate with would be the gas fraction within the virial radius of M ∼ 10 14 h −1 M ⊙ haloes. The lower the gas fraction, the more gas has been evacuated and the larger the expected suppression of power. However, the problem with this is that in the absence of strong feedback, the galaxies overcool and convert the gas into stars instead, leading to a low gas fraction but no suppression of power on large scales. We therefore instead use the baryon fraction within the virial radius, which is lowered only through the removal of gas from the halo. To compensate for differences in cosmology, we normalize these fractions for each simulation by the cosmic baryon fraction, Ω b /Ωm. In what follows, we will focus on the mean renormalized baryon fractions within R500c ≡ R500,crit for haloes with masses M500c in the range [6×10 13 , 2×10 14 ] M ⊙ , which we refer to as:
In Figure 15 , we show the effect of galaxy formation on those cosmo-OWLS and bahamas simulations that have 400 h −1 Mpc boxes and for which baryon fractions are available. This includes most simulations from this set, but not those with non-zero neutrino masses save AGN CALIB nu0.06 Planck2015. The cosmo-OWLS simulations shown here have had their DMONLY counterparts renormalized where applicable to account for any largescale offset (see §2.2). The relative power spectra have been colour-coded byf bar,500c (10 14 M ⊙ ). It is clear immediately that, at least for k 3 h Mpc −1 , the suppression of power is monotonic with the baryon fraction, with higher suppression corresponding to a lower baryon fraction in group-sized haloes. This is expected: the lower the baryon fraction, the more mass was ejected from the halo by feedback, and hence the stronger the effect on the power spectrum.
We note again that the suppression on scales larger than the size of haloes comes about through feedback lowering the mass of haloes, thereby lowering the 2-halo term contribution of these haloes. Where this gas is distributed to should not be relevant at the 1% level on large scales, just that it is removed from clustered regions -after all, unless feedback moves matter over distances ∼ 10 h −1 Mpc, changing the mass of clustered regions is the only way to significantly change the power for k 1 h Mpc −1 . Because of this, we might expect to be able to model the power suppression on large scales as a function of only the baryon fraction in group-sized haloes, which dominate the change in clustering.
In Figure 16 we show the change in the matter power spectrum due to feedback relative to the dark matter only power spectrum at k = 0.5 h Mpc −1 , as a function of the renormalized mean group baryon fractioñ f bar,500c (10 14 M ⊙ ). Besides the simulations shown in Figure 15 , shown here as upward grey and red triangles, we also show results for several simulations with smaller volumes, namely the uncalibrated bahamas re-run AGN CALIB nu0 WMAP9 L100N512 (red downward triangle, see Appendix A), EAGLE (purple), Illustris (blue), TNG100 and TNG300 (cyan and green), and Horizon-AGN (orange). The dashed line is given by a simple exponential, − exp(−5.969f bar,500c − 0.4239), the grey band around it denoting a deviation of 1%. For all simulations, the results fall within this band.
While they are too small to see for many of these points, both horizontal and vertical error bars were calcu- lated. The statistical uncertainty in the individual power spectra largely drops out when taking the ratio of power spectra with identical initial conditions, though systematic uncertainties like cosmic variance remain. Since all residual uncertainties in the power ratio are difficult to estimate, we take a conservative stance and only use 400 h −1 Mpc boxes (for which cosmic variance is assumed to play a negligible role) in fitting our model, with an uncertainty of 10 −3 at any k. For (cosmo)OWLS boxes, for which no 2-fluid dark matter runs were performed, we apply a correction factor to the DMONLY power spectra on all scales such that the power measured on the largest scales is approximately identical to that of the hydrodynamical runs. Since this correction is approximate, we use the maximum of 10 −3 and the original large-scale offset (typically 2 × 10 −3 ) as the uncertainty on the relative power. The same was done for the other simulations shown, though the only significant correction was for Horizon-AGN. Note the vertical error bars shown in Figure 16 do not include systematics due to small box size even for simulations where they would be significant (i.e. most simulations not included in the fit). The uncertainties in the baryon fractions are calculated directly as the standard error on the mean.
At every individual value of k, the power decrement as a function of the baryon fraction of ∼ 10 14 M ⊙ haloes is fit surprisingly well by a simple two-parameter exponential, as seen in Figure 16 .
10 This is also the basis of our full (empirical) fitting function, given by:
Here the additional parameters a, b and c facilitate a fit to the relative power spectra at fixed baryon fraction. The effect of galaxy formation on the power spectrum up to k = 1 h Mpc −1 is approximated as two power laws in k with a smooth transition between them at a scale that depends linearly on the baryon fraction, which was empirically determined to give accurate results. Beyond k = 1 h Mpc −1 , 10 Note that for k = 0.5 h Mpc −1 , our model, by construction, reduces to exactly such an exponential. The model shown in this figure is the full model with parameters as given in Table 3 , but is virtually identical to the best-fit two-parameter exponential. Figure 18 . The relative change in the matter power spectrum due to galaxy formation prediction by our model, equation (5), as a function of the rescaled mean baryon fraction in groups for different wavenumbers (left panel) and as a function of wavenumber for different rescaled mean baryon fractions in groups (right panel).
however, this approximation fails. This is because on these scales the power spectrum is sensitive to the changes in the internal structure of group-sized haloes, which requires additional modelling. In halo model terms, for k > 1 h Mpc −1 the power spectrum is sensitive to the 1-halo term of ∼ 10 14 M ⊙ haloes, while its contribution is constant for k < 1 h Mpc −1 (e.g. Debackere et al., in prep.) . We therefore do not attempt to apply our current model to these scales.
The best-fit parameter values depend on the definition used for the rescaled baryon fraction,f bar ≡ f bar /(Ω b /Ωm). In Table 3 , we provide best-fit parameters for both baryon fractions measured within R500c of haloes in the range M500c = [6 × 10 13 , 2 × 10 14 ] M ⊙ and within R200c of haloes in the range M200c = [6 × 10 13 , 2 × 10 14 ] M ⊙ . We find that the mean baryon fraction of these haloes is more strongly correlated with the suppression of power than that of haloes with masses around 10 13 M ⊙ or 10 15 M ⊙ . Only power spectra of 400 h −1 Mpc cosmo-OWLS and bahamas simulations for k < 1.1 h Mpc −1 were included in the fit, but the best-fit model yields an excellent fit to the power ratio of other simulations as well, as seen in Figure 17 . Using only the baryon fraction for ∼ 10 14 M ⊙ haloes as a parameter, our best-fit model is accurate to within 1% (absolute) for all simulations save the original Illustris run, and AGN CALIB nu0 WMAP9 L100N512 (red downward triangle), though shifting to a baryon fraction ≈ 1.5σ lower brings the latter into excellent agreement. Additionally, small boxes are significantly affected by cosmic variance and missing modes, which are not included in the vertical error bars.
For most simulations, the fit is accurate to within 0.5% for k 1 h Mpc −1 , the outliers being simulations that, like Illustris, have unrealistically strong feedback. We expect that in these simulations AGN feedback is strong enough to significantly alter the density profiles of clusters, which will contribute to scales k < 1 h Mpc −1 . While both sets of parameter values shown in Table 3 provide an excellent fit, the parameters forf bar,200c provide a marginally better fit for low baryon fractions. We note that the most realistic simulations in the current set have baryon fractionsf bar,500c ≈ 0.59 andf bar,200c ≈ 0.62. Figure 18 shows the power suppression due to galaxy formation predicted by our best-fit model as a function of both scale and baryon fraction.
Since the predictions of our model depend only on the baryon fraction for groups of galaxies, this allows for accurate corrections of theoretical dark matter only power spectra up to k = 1 h Mpc −1 using a single observable quantity. In a follow-up work, we attempt to extend this model to higher redshifts and smaller scales, which involves the changes feedback makes to the internal structure of group-sized haloes.
SUMMARY AND DISCUSSION
The goal of this paper was two-fold: to greatly increase the number of matter power spectra from cosmological, hydrodynamical simulations available to the modelling community, and to increase our understanding of how both galaxy formation (particularly AGN feedback) and numerical choices influence these power spectra. To this end, we combined power spectra from the OWLS, cosmo-OWLS and bahamas simulation suites. Relative to the other two sets, bahamas best matches observational constraints, and is therefore expected to provide the most accurate predictions. Additionally, for bahamas we have made improvements to the dark matter only counterpart simulations to ensure they agree with the hydrodynamical simulations on large scales (i.e. running them with two dark matter fluids, see §2.2). Based on this large set of simulations, we were able to find a tight relation between the baryon fraction at the group scale and the suppression of power for k < 1 h Mpc −1 . Our main findings can be summarized as follows:
• Increasing or decreasing the effectiveness of AGN feedback changes the matter power spectrum significantly on scales k 0.1 h Mpc −1 ( §3.2, Fig. 5 ). More effective feedback causes a larger suppression of power.
• Changes in cosmology at the level of the difference between WMAP and Planck have a small but significant impact on the relative change in the matter power spectrum due to baryonic effects, ∆P/P , on scales 1 k 10 h Mpc −1 (relative shifts up to 30%, see §3.3, Fig. 6 ). The relatives change in the matter power spectrum is less sensitive to changes in the total neutrino mass (Fig. 7) .
• The back-reaction of the redistribution of baryons by cooling and feedback processes on the distribution of cold dark matter causes a mild relative enhancement of power on large scales (k 3 h Mpc −1 ), but only if AGN feedback is not unrealistically strong ( §3.4, Fig. 9 ). On smaller scales, numerical resolution may play a larger role for the backreaction than for the total matter power spectrum.
• The suppression of the total matter power spectrum due to feedback generally increases down to redshift zero, the exception being scales 0.8 k 8 h Mpc −1 at late times (z 0.5), where the suppression may slightly diminish, likely due to re-accretion of ejected gas ( §3.5, Fig. 10 ).
• Having no or ineffective stellar feedback in the presence of AGN feedback greatly increases the suppression of the matter power spectrum on large scales ( §3.6, Fig. 12 ). This is because more gas is available to accrete onto the supermassive black holes.
• Comparison of different realizations of the 400 h −1 Mpc box of bahamas suggests that it is large enough for cosmic variance to be negligible for the relative total matter power spectrum ( §3.7, Fig. 13 ). This would mean that the ratio of the power spectra from hydrodynamical and dark matter only bahamas simulations can be used to accurately correct matter power spectra from large-volume dark matter only runs, emulator predictions or analytical power spectra up to k ≈ 10 h Mpc −1 , leaving only the uncertainty in galaxy formation to be accounted for. However, confirmation using larger volumes is required to rule out effects due to largescale modes missing from all realizations.
• We compared the predictions for the effects of galaxy formation on the matter power spectrum of simulations in our set with those of EAGLE, Illustris, IllustrisTNG and Horizon-AGN ( §3.8, Fig. 14) . While there is currently no consensus between different groups' simulations, all those with effective (AGN) feedback agree that the power is significantly suppressed relative to dark matter only simulations on all scales k < 10 h Mpc −1 , with a maximum suppression > 10%. The differences in predictions for large scales can be explained by differences in the effectiveness of feedback as probed by the predicted baryon fractions in massive haloes.
• We used our large set of matter power spectra presented to show that the suppression of power on large scales is strongly correlated with the mean baryon fraction of ∼ 10 14 M ⊙ haloes. We presented an empirical model capable of predicting the effect of galaxy formation on the matter power spectrum to within 1% for all k < 1 h Mpc −1 given only this baryon fraction ( §3.9, Fig. 17 ). This model also fits the results from the EAGLE, Illustris, IllustrisTNG and Horizon-AGN simulations, albeit with slightly poorer accuracy -though we note that the uncertainties for these simulations are larger as well, due to their smaller volumes.
• To avoid large-scale numerical artefacts in the relative difference between the matter power spectra of hydrodynamical and N-body simulations, it is important to consider differences in the initial conditions of the simulations being compared. These include differences in the transfer functions used and/or the number of particles (Appendix B).
In line with our own findings ( §3.8.1 and §3.9), Semboloni, Hoekstra & Schaye (2013) and recently Schneider et al. (2019) have demonstrated that it is possible to predict the ratio of hydrodynamical to N-body matter power spectra quite well given the stellar and gas fractions of the hydrodynamical simulation as a function of halo mass. The gas fraction of groups and clusters correlates strongly with the suppression of power on scales k 10 h Mpc −1 , as expected given that the primary way in which the distribution of matter is altered on these scales is through ejection of gas by feedback. At the same time, stellar and AGN feedback also set the stellar fraction in haloes by heating/ejecting gas and quenching star formation. While the stellar fractions or galaxy stellar mass function are often used as a constraint for subgrid recipes in simulations, cluster gas fractions are not (bahamas being one exception, fable (Henden et al. 2018 ) being another). Based on the results presented here, we argue that to accurately predict the clustering of matter, it is important to consider both.
In §3.9, we demonstrated that the mean group-scale baryon fraction and the large-scale power suppression due to galaxy formation are strongly correlated. A comparison of cosmo-OWLS and bahamas with simulations from the literature showed that Illustris predicts an unrealistically strong effect of feedback on the matter power spectrum for k < 1 h Mpc −1 due to its too-low baryon fraction in ∼ 10 14 M ⊙ haloes compared to observations, while EAGLE, IllustrisTNG and Horizon-AGN predict an unrealistically weak effect due to their too-high baryon fraction at the same mass scale. We conclude that to study the effect of baryonic processes on large scales, only simulations that reproduce the observed baryon fraction of large groups of galaxies are suitable. Of the simulations we compared to here, only the (fiducial) bahamas simulations satisfy that requirement.
Improving observational constraints on gas fractions and profiles in massive haloes will be of tremendous importance in the near future. Based on the results of §3.9, we argue that constraining the baryon fractions of groupscale haloes will be especially vital in the short term, as the model presented there may allow us to accurately correct dark matter only power spectra used to interpret weak lensing surveys (e.g. Potter, Stadel & Teyssier 2017 , Knabenhans et al. 2019 for the effects of galaxy formation to the required 1% precision down to k = 1 h Mpc −1 at z = 0 and possibly beyond.
While outside the scope of the current paper, a closer look at the predicted redshift evolution of the relative power spectrum would be of interest and provide a more detailed look into the origin of the differences seen between different simulations, e.g. whether gas is still being ejected at z = 0 or whether this happened at early times and is now re-accreting. Ideally, measurements of the baryon fraction could be used to predict the large-scale suppression of power at any redshift.
Total and dark matter power spectra for the 92 simulations listed in Table 1 , which includes 35 simulations with AGN feedback, will be made publicly available at powerlib.strw.leidenuniv.nl. As stated in §1, the under-lying model in simulations with AGN is the same in each of the simulations presented here, though the parameter values differ.
The results of cosmological, hydrodynamical simulations often depend on the resolution at which they were run, particularly when subgrid recipes are involved. As subgrid recipes aim to model processes happening on unresolved scales, based on the information available on scales that are resolved, their outcomes are inherently dependent on the resolution. The prescription may give a very similar outcome in some range of resolved scales, but if the resolution changes significantly then its parameters will have to be adapted, or the prescription itself modified or removed.
Here, we test the effect of changing the resolution and/or the box size of the simulations on the relative effect that galaxy formation has on the matter power spectrum. We focus here on the cosmo-OWLS AGN model, for which appropriate simulations were available, but since the underlying subgrid prescriptions and resolutions are the same in OWLS and bahamas, the results can confidently be extended to those AGN simulations as well. Figure A1 shows the relative resolution-and box sizedependence of a simulation including AGN feedback with a relatively high heating temperature of 10 8.5 K. In blue the effect on the power spectrum relative to dark matter only is shown for a simulation with 2 × 512 3 particles in a (100 h −1 Mpc) 3 volume, making it a relatively highresolution simulation for the set presented here. The AGN suppress the power spectrum by 1% at k ≈ 0.1 h Mpc −1 , with the magnitude of the effect increasing to k ≈ 20 h Mpc −1 before rapidly dropping when nearing the crossover scale of the AGN and dark matter only power spectra around k ≈ 85 h Mpc −1 . This cross-over scale is most sensitive to changes in resolution, firstly because of changes in behaviour of subgrid recipes with resolution, which affect all scales, and secondly because it is small enough for the diminished particle clustering due to limited spatial resolution to Figure A1 . The dependence of the effect of galaxy formation on box size and resolution. In blue we show the relative effect on the matter power spectrum for a WMAP7 cosmo-OWLS AGN simulation with a 100 h −1 Mpc box and 2 × 512 3 particles and a relatively high heating temperature of 10 8.5 K. The green line shows the effects of increasing the minimum halo mass for black hole seeding, matching that of a simulation with an 8× worse mass resolution. In this case, the effect AGN feedback has on large scales is diminished significantly. If we decrease the resolution at fixed box size, by reducing the particle number to 2 × 256 3 (in yellow), we find an almost identical result as for the higher-resolution simulations with the same minimum seed mass on scales k < 10 h Mpc −1 , but on smaller scales the crossover scale shifts by a factor of a few (see main text). A simulation with the same resolution but with a 64× larger volume (in red) yields almost the same result, implying that the relative effect of galaxy formation on the power spectrum is insensitive to cosmic variance.
become noticeable.
11 The latter primarily affects the (singlefluid) dark matter only simulations. Though not shown here, we find that for our medium-resolution dark matter only simulations (e.g. L100N256 or L400N1024) the matter clustering is significantly under-predicted for k 10 h Mpc −1 . Before directly comparing to a simulation with a different resolution, we first show the effect of changing the AGN parameter most directly related to it: the minimum halo mass for black hole seeding, equal to 100 dark matter particles in the fiducial model. By changing the minimum mass to 800, we seed only those haloes that would be sufficiently resolved in a simulation with an 8× lower mass resolution. Changing only this single parameter has an immediate effect on the power spectrum, shown in green in Figure A1 . The large-scale power decrement seen for the simulation in blue, for which only the minimum halo mass for BH seeding is different, goes down significantly on large scales, and the cross-over scale moves to slightly larger scales as well.
11 Note that the cross over itself is not a sign of having run into the unresolved regime: hot gas outflows suppress the power on large scales, relative to dark matter only, but baryons accreting onto galaxies increase the power on small scales. A physical crossover scale of ∼ 0.1 h −1 Mpc is therefore expected to occur even at infinite resolution.
2-fluid DMONLY runs initialized in this way throughout this paper. On smaller scales, the difference is much larger, due to spurious clustering between the two different particle types in the 2-fluid run. This would likely be mitigated by including a phase shift in one of the particle species when splitting the original 1024 3 particle distribution in two, as described in Angulo, Hahn & Abel (2013) -however, as this has not been done for the baryons either, we choose not to do so here.
To better consider the effect of adding another particle species, separate from changing the transfer functions, we also ran a 2-fluid DMONLY simulation that uses the total transfer function for both species, in that way mimicking the initial conditions of OWLS and cosmo-OWLS. The clustering results relative to the fiducial 1-fluid dark matter only simulation are shown in Figure B1 as well, in grey. Here, too, the 2-fluid run shows increased clustering on all scales, though the effect is sub-percent on the scales most relevant for our study, k < 10 h Mpc −1 . We have therefore not performed additional runs of this kind to replace the fiducial OWLS and cosmo-OWLS DMONLY simulations, and ∼ 0.1% large-scale offsets can therefore still be seen for some relative power spectra. If compensated for, the relative power would be suppressed by roughly 0.2% on large scales for WMAP7 cosmo-OWLS simulations (see e.g. the left-hand panels of Figures 5 and 9) .
We note that simulations from the literature show similar offsets between the very large-scale power predicted by hydrodynamical and dark matter only runs. In particular, the power spectra from Horizon-AGN (Chisari et al. 2018) show a large-scale offset of 0.5 − 0.7% (see Figure 14) , which is likely due to the effects described above. Given that Figure B1 shows that this offset is expected to be roughly constant on large scales, we expect that compensating for this offset would increase the agreement between different models on large scales.
Finally, we have checked that when the CDM power of a hydrodynamical bahamas simulation is compared to that of only one component of the 2-fluid DMONLY simulation (i.e. comparing the power in components with the same number of particles and the same mass), rather than to the total power of dark matter (scaled by the mass ratio as described in §3.4), the back-reactions are virtually identical. This paper has been typeset from a T E X/ L A T E X file prepared by the author. Figure B1 . Relative difference in the matter power spectra of dark matter only simulations using two CDM particle fluids ("2-fluid") and a fiducial run using one particle fluid ("1-fluid"). In one of the 2-fluid runs, shown in red, we initialize each fluid with a separate transfer function (assuming CDM or baryons), as is done in bahamas simulations containing baryons. Doing so increases the power by > 1% on all scales, and explains why such large-scale offsets in the relative matter power spectrum can be seen when dark matter only simulations use a single fluid initialized with a total matter transfer function. The other 2-fluid run, shown in gray, still uses the same transfer function for both fluids, and therefore shows only the effect of adding a second particle species. Here, the increase in clustering is sub-percent for k < 10 h Mpc −1 . This explains the ∼ 0.1% large-scale offsets seen for some (cosmo)OWLS simulations.
